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A Horseshoe Vortex in a Duct 
A Rankine half-body is used to model the three-dimensional flow caused by a blunt 
obstruction in a flow passage. The body is located in a duct bounded by two plane 
endwalls and two side walls shaped like potential-flow streamlines. A thick tur-
bulent boundary layer on the endwall forms a horseshoe vortex flow as it en-
counters the leading edge of the body. Flow measurements are presented showing 
the inlet flow and the three-dimensional flow downstream of the leading edge. 
Sufficient data are presented for this to be a test case for the development of three-
dimensional viscous flow codes. 
Introduction 
Computational methods for three-dimensional viscous flow 
are being developed [1-3] to aid turbomachinery designers in 
their efforts to obtain better performance and durability, and 
an important part of this development process involves 
comparison with well-documented test cases. It is the object 
of this paper to provide a test case for leading-edge horseshoe 
vortex flow. This is a feature of turbomachinery flows, 
especially those in turbine blade rows which must be well 
modeled in order to accurately model the flow in the passage 
downstream. Indeed the calculations of Hah [3] for a linear 
turbine cascade suggest that quite small discrepencies in the 
calculated flow near the leading edge can lead to significant 
differences in the location and size of the passage vortex at the 
exit of the cascade. 
Horseshoe vortices are formed in turbomachines when 
annulus wall boundary layers encounter the blunt leading 
edges of blades and support struts. Vortex lines from the 
boundary layer upstream are convected and stretched around 
the leading edge, forming a vortex that has a characteristic 
horseshoe shape with streamwise vorticity downstream. The 
boundary layer separates from the endwall in a complex three-
dimensional flow, and there is reverse flow upstream of the 
leading edge. 
This flow is known from engine experience [4, 5] to in-
fluence the endwall thermal field and to impact on durability 
problems in low aspect ratio vane rows in gas turbines. So it 
has been the subject of many visualization studies [6-9]. But, 
as has been noted recently by Briley and McDonald [10], for 
horseshoe vortex flow "little is available in the way of 
detailed flow measurements . . . particularly downstream of 
separation." There has not been a test case emphasizing 
leading-edge horseshoe vortex flow and suitable for testing 
turbomachinery flow codes. 
The well-defined geometry of inviscid flow around a 
Rankine half-body provides the basis for the present study. 
The Rankine half-body is a thick obstruction with a rounded 
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nose which can interact with an endwall boundary layer to 
produce large flow disturbances [11]. The well-known 
potential flow solution provides a primary velocity 
distribution upon which the secondary horseshoe vortex flow 
is imposed. 
The body is placed between the parallel endwalls of a duct 
to model the situation in a turbomachine where struts and 
blades extend over the total passage height. The Rankine half-
body duct then simulates the situation found in tur-
bomachinery passages without the complication of cascade 
geometry, which introduces other flow phenomena due to 
curvature, acceleration of the flow, and trailing edges; it 
exhibits three-dimensional flow due solely to the horseshoe 
vortex. 
In this paper, quantitative flow measurements are presented 
to define 
(a) The inlet flow field upstream of the leading edge 
(b) The static pressure distribution on the endwall and on 
the surface of the body 
(c) The three-dimensional flow on two planes just 
downstream of the leading edge 
(d) The exit flow field far downstream 
These measurements are intended to provide experimental 
data in a well-defined flow field for testing calculation 
methods for three-dimensional turbulent flows in tur-
bomachinery blade rows. 
Duct Design 
Figure 1 shows a schematic view of the Rankine half-body 
duct with overall dimensions. The duct is 1.19 m long with 
endwalls spaced 0.254 m apart. The duct side walls conform 
to potential-flow streamlines with no allowance for 
displacement due to boundary layers; at the inlet, the duct 
width is 0.356 m. The source location, 0.508 m downstream of 
the duct inlet, is at the origin of the cartesian coordinate 
system. 
Rankine Half-Body—Potential Flow 
The potential flow field is defined by the superposition of a 
line source of strength m in a uniform flow with velocity U„. 
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Fig. 1 Schematic of Rankine half-body duct showing measurement 
planes and overall dimensions in meters. Coordinate system origin 
located at source position. 
In polar coordinates, the stream function \p, as given by 
Vennard and Street [12] is 
^i-U^r sin e + md/l-w (1) 
Following the development in Vennard and Street, the length 
from the source to the stagnation point on the leading edge of 
the body is determined by 
xs = m/(2-KU„) (2) 
Substituting this into equation (1) gives 
</*/£/„ = r sin 0+x s0 (3) 
which defines the potential-flow streamlines. 
In the Rankine half-body duct, xs = 21.7 mm. Figure 2 
shows streamlines defined by equation (3) above, as well as 
positive values for the cartesian and polar coordinate systems 
located at the source position. The side walls are defined by 
\jy/Ux = 7/2 -KXS = 0.239 m and ^/£/„ = - 3 / 2 irxs = -
0.102 m. The body is defined by \P/U„ = irxs = 0.086 m. 
Four intermediate streamlines defined by \p/U„ = 5/2 irxs, 
yp/Un = 3/2 *xs, i/Ua = 1/2 wxs, and \l//Ux = - 1 / 2 irxs 
are also shown in Fig. 2. 
The velocity components in the axial, x, and transverse, y, 
directions are given by 
and 
f =u"(l+4sT?}) (4) 
dx lxl+yiJ 
and the velocity magnitude is given by 
(5) 
sidewall 
Fig. 2 Potential flow streamlines and geometry of Rankine half-body 
duct 
U=\fu2 + v2 (6) 
Substituting the relations for u and v into equation (9) gives 
the velocity ratio 
U =vi+24^]+fe 
Static Pressure Distribution—Potential Flow. 






where P is the static pressure at the measurement point, PQ is 
the upstream total pressure, and Pr is a reference static 




Thus for the potential flow, the static pressure coefficient may 
be written as 
Cp, = \-(U/Ua,)
1 (10) 
so that Cps may be determined from the velocity distribution. 
The static pressure distribution for potential flow is given by 
v 2 
c = -2x, lx2+y2 Lx2+y2 (11) 
Figure 3 shows this theoretical static pressure distribution 
along the duct streamlines. 
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52 = boundary-layer momentum 
thickness, 
H = viscosity 
v = kinematic viscosity, p/p 
p = density, PMm/RTalm 
\p = stream function 
Subscripts 
e = exit plane 
i — inlet plane 
m = midheight in the duct 
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Fig. 3 Static pressure distribution for potential flaw (equation (14))
along streamlines shown in Fig. 1
Figure 3 shows that far upstream and far downstream of
the source at x = 0, the static pressure in the duct approaches
P",. The static pressure coefficient on the stagnation and body
streamline, #1, rises to unity at the leading edge of the body
(stagnation point), where x = -Xs ' and then falls around the
nose of the body. The pressure coefficient reaches a minimum
value of -0.59 (a maximum velocity UIU", = 1.26) at x =
22.9 mm before rising to zero far downstream (UIU", = 1).
The static pressures on the other streamlines, #2, #3, and the
sidewall, also fall near the leading edge and rise past the nose
of the body.
One interesting feature of the static pressure distribution
for the potential flow is that at x = -xs l2, P = P", for all
values ofY, i.e., on all streamlines [13]. The existence of this
plane of uniform static pressure allows the upstream value of
static pressure, P"" and velocity, U "" to be measured in the
duct.
Body Construction. The body is made of three 3-mm-
thick plexiglass sheets formed to the Rankine half-body
shape. The plexiglass walls are fastened at the top and bottom
to a supporting wood frame. The frame consists of two
plywood forms separated by wood supports near the body
midsection, 0.254 m downstream of the leading edge of the
body, and near the end of the body, 0.686 m downstream of
the leading edge. The vertical seams between the plexiglass
sheets are located at the forward supports, 0.254 m down-
stream of the leading edge, so that the nose of the body is a
continuous surface. Further details of the duct and body
construction are given in [13] and [14].
Wind Tunnel and Inlet Duct. The wind tunnel used as the
air supply for the present tests is described by Tavakoli [15]. It
ends with a straight test section 0.356 m wide, 0.254 m high
and 1.24 m long. This test section was used as the inlet duct
for the Rankine half-body duct. Wire screens were placed at
the inlet to this section to thicken the boundary layers on the
top and bottom endwalls in order to produce large horseshoe
vortices at the leading edge of the Rankine half-body.
Flow Symmetry. The boundary layer screens were
positioned in the tunnel to obtain a symmetrical flow at the
inlet to the Rankine half-body duct. With a symmetrical flow,
the amount of data necessary to define the flow are reduced,
since planes of symmetry may be used as boundaries. The
vertical plane along the duct centerline and the horizontal
plane at the duct midheight are planes of symmetry that divide
the duct into four quadrants. Care was taken to establish a
symmetrical inlet flow so that data could be taken in any
quadrant.
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Fig. 4 Flow visualization of the limiting streamlines on the Rankine
half·body and on the bottom endwall. The white dot on the top of the
body, near the leading edge, is the location of the line source.
Flow Visualization
Before presenting the results of the detailed flow
measurements, it is helpful to consider the overall flow
development as revealed by surface flow visualization. Figure
4 shows oil-flow traces of the limiting streamlines on the
horizontal (bottom) endwall of the duct and on the vertical
surface of the Rankine half-body. The visualization was
achieved by spraying a mixture of diesel oil and titanium
dioxide onto an aluminum sheet on the endwall and onto a
mylar sheet wrapped around the body; these sheets had
previously been sprayed with mat black paint. The flow was
then turned on for about 5 min, giving the picture shown.
The resulting flow patterns on the endwall show a classical
horseshoe vortex flow that sweeps titanium dioxide away
from the body revealing the dark surface beneath. The clearly
defined boundary between the dark and light areas represents
a line of three-dimensional flow separation which follows the
vortex core.
A thin white line marks the stagnation line along the leading
edge of the body. This is clearly seen at midheight, where the
stagnation flow is nearly two-dimensional, but near the end-
walls the horseshoe vortices induce flows which sweep the
titanium dioxide towards the endwalls.
At midheight on the body, the titanium dioxide is swept
around the leading edge by an apparently two-dimensional
laminar boundary layer before it accumulates in a wide area
which exhibits streaks vertically downwards. This is probably
a region of laminar flow separation with correspondingly
small shear stresses, where the oil flow is influenced by
gravity. Downstream of this separation region, the oil streaks
are essentially horizontal once more as the flow reattaches
with a nearly two-dimensional turbulent boundary layer.
In the vicinity of the leading edge, the details of the traces
on the endwall can be considered to correspond with the
physical explanation of horseshoe-vortex flow given by Belik
[7] and Baker [9]. In the discussion below, we have followed
their procedure in marking "primary and secondary
separation lines" at locations of accumulation of titanium
dioxide. A close-up picture of the flow visualization in this
region that shows these accumulations is given in [14] and
[16]. In [16], which may be considered a companion paper to
the present one, we present the results of inviscid rotational
flow calculations that show reverse flow due to the horseshoe
vortex upstream of the leading edge.
Flow Measurements
Measurements of the flow in the Rankine half-body duct
are presented on four measurement planes normal to the duct
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1.9 x 10~5 Ns/m 2 -
Source strength, m 3.29 m /s 
axis (see Fig. 1) and three potential-flow streamlines defined 
below (see Fig. 2). Measurement of the axial flow on the inlet 
plane defines the inlet boundary layers on the duct endwall 
and side wall. Static pressure measurements on the potential-
flow streamlines define the overall duct flow. Three-
dimensional flow measurements on two intermediate planes 
downstream of the leading edge of the body define the 
secondary flow due to the horseshoe vortex. Measurement of 
the axial flow on the exit plane defines the downstream flow 
far from the leading edge. 
Standard Test Conditions. The standard test conditions 
for this steady incompressible air flow and values of the fluid 
properties at the standard conditions are presented in Table 1. 
The reference static pressure, Pr, is defined as the static 
pressure measured on the side wall at the duct midheight 
where x = —xs/2. This location was chosen from the 
potential-flow solution, presented earlier. The reference total 
pressure, P0, is defined as the stagnation pressure measured at 
midheight on the leading edge of the body. 
Measurement Locations. Flow measurements are 
presented on four planes; an inlet plane at x = -0.454 m, 
two intermediate planes at x = 0.025 m and x = 0.152 m, and 
an exit plane at x = 0.670 m. Figure 1 shows the locations of 
the measurement planes. 
The figures with the results of the measurements on the 
four planes show a view, looking upstream, of the 
measurement plane bounded by the duct walls and planes of 
symmetry. The location of the measurement traverses are 
shown as well as the origin of the duct coordinate system. 
Dimensions in the ^-direction are given in meters, while 
dimensions in the z-direction are fractions of the duct height, 
h = 0.254 m. The flow measurements are presented in the 
quadrant of the duct defined by z/h < 0.5 and y > 0, as 
shown in Fig. 1. 
Inlet Plane Measurements 
The inlet flow distribution was measured by traversing a 
total pressure probe with a flattened tip on the inlet plane. 
Total pressure, Pn was measured at the probe tip and static 
pressure, P, was measured with a static pressure tap on the 
endwall at the inlet plane. 
Velocity Distribution. Figure 5 shows contours of axial 
velocity ratio, u/Uh on the inlet plane where £/, = 23.3 m/s is 
the measured free-stream velocity. The natural boundary 
layer on the side wall is shown as well as the thickened 
boundary layer on the endwall. The endwall boundary layer is 
uniform over the center half of the duct width where the flow 
interacts with the body. The boundary layer parameters for 
this region are presented in Table 2, together with the 
parameters for the side wall at midheight. Further details are 
given in [14]. 
Turbulence Intensity. The turbulence intensity was ap-
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Fig. 5 Contours of axial velocity ratio (u/l/;) on the inlet plane. Free-
stream velocity, U/ = 23.3 m/s. 
Table 2 Inlet boundary layer parameters (endwall over center half of 
































single-wire, hot-wire anemometer that was traversed across 
the inlet plane. The distributions of turbulence intensity (V«'2 
/Uj) in the endwall boundary layer showed little variation 
over the center half of the duct; the shape of the distribution 
in this region was quite similar to that reported by Klebanoff 
[17] for a turbulent boundary layer on a flat plate but the 
values were approximately 15 percent lower. The inlet free 
stream turbulence intensity was 0.5 percent of £/,-. 
Static Pressure Measurements 
The static pressure distribution was measured with an 
inclined, multiple-tube manometer and also with a Statham 
pressure transducer. Multiple data points are shown where 
repeated pressure measurements gave slightly differing 
results. 
Wall static pressure tappings are located along three of the 
potential-flow streamlines shown in Fig. 2. Streamline #1 is 
the stagnation streamline upstream of the body and the body 
streamline. Streamline #2 and streamline #3 are the two in-
termediate streamlines defined by \j// U„ = 3/2 irxs and \j// Ux 
= 5/2 irxs. The static pressure taps on the stagnation 
streamline and on streamlines #2 and #3 are located on the 
duct endwall while the pressure taps on the body are located at 
the duct midheight. Pressure tappings are also located around 
the perimeter of the uniform pressure plane at x = —xs/2. 
All of the static pressure tappings are nominally 0.5 mm dia. 
Figure 6 shows the static pressure distribution measured in 
the duct compared with the calculated potential-flow 
distribution. 
Stagnation Streamline. The static pressure on the 
stagnation streamline, measured on the endwall upstream of 
the body, is shown in greater detail in Fig. 7. Far from the 
leading edge, between 0.10 and 0.25 m upstream, the 
measured data deviates little from the potential flow solution. 
Less than 0.10 m upstream, the deviation of the measured 
data becomes larger with decreasing distance from the 
leading edge, ending at a stagnation value of Cps = 0.85. This 
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Fig. 6 Wall static pressure distributions along streamlines shown in 
Fig. 1: — potential flow, equation (14); • , measurements on endwall 
for streamline 1; o , measurements at midheight on body for 
streamline 1; o , measurements on endwall for streamline 2; 0 , 







0.25 0.2 0.15 0.1 0.05 0. 
D i s t a n c e U p s t r e a m of Lead ing Edge, (m) 
Fig. 7 Wall static pressure distribution along stagnation streamline 
(1) on duct endwall: — potential flow, equation (14); mean line 
through data, 0; saddle points of separation 
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Fig. 8 Wall static pressure distribution at midheight on body: 
potential flow, equation (14); 0, measurements 
Fig. 9 Wall static pressure distribution on theoretical uniform-
pressure plane at x = - x s / 2 
low stagnation value may be due to low-velocity, boundary-
layer fluid stagnating at the junction of the leading edge and 
the endwall. 
A local minimum in the measured static pressure occurs 
0.025 m upstream of the leading edge. This minimum has 
been assumed by Belik [7] to be adjacent to the core of the 
horseshoe vortex. From endwall flow visualization, the 
location of the secondary separation line, which according to 
Belik follows the course of the vortex core, was found to be 
0.032 m upstream of the leading edge of the body; primary 
separation occurred 0.057 m upstream of the leading edge; the 
locations of the two corresponding saddle points are marked 
on Fig. 7. It is interesting to note the local peak in static 
pressure between the two saddle points; this is probably 
associated with a nodal point of reattachment [9]. 
Body Streamline. Figure 8 shows the static pressure 
distribution measured at midheight along the body. The 
measurements show the flow accelerating around the nose to a 
minimum of Cps = - 0.54 at x = 0.025 m, which corresponds 
to U/U^ = 1.24. This is compared to the potential flow 
maximum U/Ua = 1.26 at x = 0.023 m. The measured flow 
then decelerates to a relatively constant value of Cps = - 0.12 
for x > 0.3 m; this small variation of static pressure may be 
due to the increasing displacement thickness of the wall 
boundary layers. 
The region between x = 0.10 m and x = 0.30 m is in-
teresting. The data points measured in this region suggest 
boundary-layer separation and reattachment, as discussed by 
Schlichting [18]. There is a section of slight pressure rise, 
which is less than for the potential flow solution, instead of 
the constant pressure described by Schlichting. Then there is a 
larger pressure rise that overshoots the potential flow solution 
before returning to the nearly constant downstream static 
pressure. 
The construction of the body prevented measurements 
between x = 0.20 m and x = 0.30 m. The wood supports did 
not allow access to the body surface for a pressure tap, and 
the vertical seam between the plexiglass sheets was located 
here. The static pressure measurements on the body were 
unchanged when the vertical seam was covered with 
cellophane tape, so that the presence of the seam was not a 
probable cause for the flow disturbance. This region of the 
flow will be discussed further in the section that describes the 
calculation of the boundary layer on the body. 
Uniform-Pressure Plane. Figure 9 shows the static 
pressure distribution measured around the perimeter of the 
theoretical uniform-pressure plane at x = —xs/2. The value 
of Cps at midheight on the sidewall is by definition equal to 
zero. The measured Cps is uniform and equal to zero on the 
side wall and on the outer 60 percent of the endwall away 
from the body. Cps decreases to a minimum of approximately 
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-0.05 at y = 0.064 m just inside the separation line at y = 
0.072 m; it then increases to 0.18 at the junction of the body 
and endwall. The measured value of Cps on the body is 
relatively uniform at about -0.05; this does not seem to be 
related to the endwall minimum, since the velocity gradient is 
large here and an error in Cps of ±0.05 corresponds to an 
error in the placement of the static pressure tap on the body of 
only ±0.8 mm measured in the axial direction. 
Secondary Flow Measurements 
The flow distribution just downstream of the leading edge 
was determined by traversing a five-hole pressure probe on 
plane 1, aXx = 0.025 m, and on plane 2, atx = 0.152 m. 
Pressures were measured relative to the reference static 
pressure, Pr, at midheight on the side wall where x = —xs/2. 
The static pressure, P—Pr, total pressure, P,—Pr, pitch 
angle, measured in the vertical plane, and yaw angle, 
measured in the horizontal plane, were obtained from the 
five-hole probe measurements; and from these results, the 
three velocity components u, v, and w in the x-, y-, and z-
directions, respectively, were calculated. 
Method of Presenting Secondary Velocities. The 
secondary velocities and the corresponding velocity vectors 
for planes 1 and 2 are shown in Figs. 10-13. In order to 
present the data alone, the v components of velocity from the 
potential flow are not subtracted from the measured v values. 
This would involve the reader in calculating the local value of 
v for the potential flow and then correcting each point on the 
figures in order to obtain the actual measured values for v. 
Instead, the data are presented as v — v,„, where vm is the 
measured v velocity at midheight {z/h = 0.5) for the par-
ticular vertical traverse considered. At each plane there are 
seven vertical traverses, and with this method of plotting the 
data, all the values, v — v,„, go to zero at midheight; the plots 
then show variations in secondary velocity relative to the 
value at midheight. At the endwall, all the velocity com-
ponents are zero, and the value of v — vm plotted is simply 
- vln, the negative of the velocity component v,„ for that 
traverse at midheight. 
Velocities at Midheight. The measured velocities at 
midheight were compared with the corresponding values from 
potential flow theory, found using equations (2), (4), and (5), 
with the source strength m and the free stream velocity Ua 
from Table 1. 
At plane 1, the measured axial velocity component «/[/„ 
was slightly higher by 1.1 percent ±0 .5 percent; at plane 2, 
the inner six points were consistently higher in u/U„, 2.3 
percent ± 0.4 percent, while the outer point agreed with the 
potential flow value. 
Apart from one point, the measured values of velocity 
component v at midheight were consistently less than those 
calculated from potential flow theory. At plane 1, all the 
values were smaller by - 0.3 m/s ± 0.2 m/s and at plane 2 the 
outer six values were smaller by -0.4 m/s ± 0.1 m/s. This 
suggests a small secondary flow towards the body at 
midheight. The only point which showed a secondary flow 
away from the body at midheight was the point next to the 
body at plane 2. As discussed in the boundary layer section, 
below, this point was adjacent to a region of laminar flow 
separation on the body which may explain the small positive 
secondary velocity of 0.1 m/s (relative to the potential flow) 
and the significant difference of this point from the others at 
plane 2. 
Secondary Velocities. The y and z components of 
secondary velocity, v — v,„ and w, on plane 1, at* = 0.025 m, 
are shown in Fig. 10. The velocity in the ^-direction shows a 
Duct Width, y (ml 
Fig. 10 Secondary velocities measured on plane 1: vm = component 
of velocity in y-direction measured at midheight. Velocity components: 





Fig. 11 Secondary velocity vectors measured on plane 1. v, 
component of velocity In y-direction measured at midheight. 
region near the endwall where v is greater than v,„ then a 
region where v is less than v,„ before reaching the midheight 
value, vm. The secondary flow in the ^-direction extends 
approximately 30 percent of the duct height from the endwall. 
The maximum measured value of v — vm is 4.0 m/s at y = 
0.076 m, z/h - 0.019. At this ̂ -station v„, is 6.1 m/s and u„, 
is 26.4 m/s. 
The velocity in the z-direction shows flow towards the 
endwall near the body. At z/h = 0.025, there is a flow 
reversal between.y = 0.076 m, where w = -0.8 m/s, and>> = 
0.095 m, where w = 1.3 m/s, which indicates the presence of 
the vortex with counterclockwise rotation. This is the 
direction of rotation associated with the boundary-layer 
vortex line stretched around the body. 
Figure 11 shows the corresponding vector plot illustration 
of the secondary velocities on plane 1. Vectors with 
magnitudes less than 0.30 m/s are considered insignificant 
and are not shown. The location of the separation line on the 
endwall, aiy = 0.092 m, is indicated on Fig. 11. 
The secondary velocities, v — vm and w, on plane 2, at x = 
0.152 m, are shown in Fig. 12. The region of secondary flow 
in the ̂ -direction is limited to the 10 percent of the duct height 
near the endwall. Secondary flow away from the body is seen 
in this region. The secondary flow towards the body, seen on 
plane 1, is less significant on this plane. The maximum 
measured value of v — v„, is 4.3 m/s, which occurs at y = 
0.133 m andz/h = 0.025 . At this>>-station, v„, is 1.3 m/s and 
u,„ is 26.6 m/s. 
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Fig. 12 Secondary velocities measured on plane 2. v m = component 
of velocity in y-direction measured at midheight. Velocity components: 
0, v-vm; O , w; A ,v-vm = -vm at wall. 
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Fig. 13 Secondary velocity vectors measured on plane 2 
The secondary flow in the z-direction is towards the end-
wall near the body, as seen before. The flow reversal, which 
indicates the presence of the vortex, can be seen at z/h = 
0.05, between .y = 0.114 m, where w = -0.8 m/s, and>> = 
0.133 m, where w = 0.5 m/s. The vector plot in Fig. 13 
illustrates these secondary velocities on plane 2. 
Exit Plane Measurements 
The exit flow distribution was measured as at the inlet by 
traversing the total pressure probe with a flattened tip on the 
exit plane. Total pressure, P,, was measured at the probe tip. 
Static pressure, P, was measured with the static pressure 
portion of a pitot-static tube. The static pressure was 
measured at a single point in the free stream, since the exit 
static pressure was found to be uniform. 
Velocity Distribution. Figure 14 shows the distribution of 
the exit velocity as a fraction of the exit free-stream velocity, 
u/Ue, where Ue = 25.7 m/s. The boundary layer on the body 
is approximately 11 mm thick and is uniform over the center 
60 percent of the duct height. The boundary layer on the 
endwall is thinnest in the region near the junction of the body 
and the endwall. The endwall boundary layer profiles show a 
thin inner layer that reaches a constant velocity less than Ue, 
then an outer layer, that increases in velocity to Ue. Exit 
endwall boundary layer profiles are shown in Fig. 15. The 
dashed line on Fig. 14 shows the location of the edge of the 
inner endwall boundary layer. 
The fluid near the edge of the outer endwall boundary layer 
at the exit plane is most likely from the thickened endwall 
boundary layer at the inlet, while the inner boundary layer 
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Fig. 14 Contours of axial velocity ratio {ulUe) on the exit plane. Free-
stream velocity, Ue = 25.7 m/s. 
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Fig. 15 Axial velocity profiles on the endwall at the exit plane 
originates midway along the duct, possibly downstream of the 
horseshoe vortex, behind the secondary separation line (the 
dark area on the endwall in Fig. 4). This situation is analogous 
to that reported by Langston, Nice, and Hooper [19], where 
the endwall boundary layer in the turbine cascade grows 
downstream of the separation line. 
Boundary-Layer Analysis 
A two-dimensional analysis was performed for the 
boundary layer on the body at duct midheight. The boundary 
layer analysis consists of a numerical laminar calculation 
around the nose of the body, and a flat-plate turbulent ap-
proximation after transition. The velocity distribution from 
the static pressure measurements on the body was used as the 
free stream, which must be known for the laminar 
calculation. The assumption of steady, incompressible flow is 
made in this analysis. 
Laminar Integral Calculation 
The laminar boundary layer was calculated using an in-
tegral technique [20] similar to that given by Tani [21]. It uses 
the momentum and mechanical-energy integral equations to 
solve for the shape factor, H, and the momentum thickness, 
52, as a function of the distance, s, measured along the body 
surface from the leading edge. 
Turbulent Flat-Plate Calculation 
The well-known relation for the momentum thickness of a 
flat-plate turbulent boundary layer was used for the turbulent 
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Fig. 16 Results of two-dimensional boundary layer calculation at 
midheight on body: — laminar and flat-plate turbulent boundary layer 
calculations to match measured momentum thickness (0) at exit; 
flat-plate calculation from separation line found by flow visualization; 
curve fit of free-stream velocity ratio (from measured wall static 
pressures) used in laminar boundary layer calculation; Ooo = 24.1 m/s 
calculation [22], The exit velocity, Ue = 25.7 m/s, was the 
constant free-stream velocity imposed on the boundary layer. 
The turbulent layer momentum thickness was calculated 
using the measured 82e as a known endpoint. This produced a 
flat-plate distribution which resulted in the measured 52e at 
the exit plane. Another calculation was performed using the 
value of 52 from the laminar calculation as a known initial 
condition at a chosen transition point. 
Calculation Results 
Figure 16 shows the momentum thickness calculated at 
midheight on the body. The measured velocity distribution is 
shown to the same scale for reference. The separated flow 
region, inferred from the measured static pressure 
distribution and flow visualization, is shown between s = 
0.17 m ands = 0.25 m. 
The two-dimensional laminar boundary layer calculation 
shows separation at s = 0.22 m, using H = 4.029 as the 
laminar separation criterion. The calculated laminar 
separation point is downstream of the inferred separation 
point, but upstream of the inferred reattachment point. 
The turbulent flat-plate boundary layer calculation from 
the measured exit value of 52 = 1 -45 mm is shown as the solid 
line in Fig. 16. This calculated curve intersects the laminar 
curve at 5 = 0.15 m, showing an effective transition point 
upstream of the inferred separation region. 
An effective transition point at the inferred separation 
point, at x = 0.17 m, was obtained by matching the 
momentum thickness from the turbulent boundary layer 
calculation to the momentum thickness from the laminar 
boundary layer calculation. The result of this calculation is 
shown as the dashed line in Fig. 16 and gives an exit value of 
52 = 1.40 mm. The difference between this calculated exit 
momentum thickness and the exit momentum thickness from 
the measurements is only 3.5 percent of the measured value. 
Summary 
This paper has presented measurements of the three-
dimensional flow in a duct due to the horseshoe vortex at the 
junction of the duct endwall and a Rankine half-body ob-
struction. The inlet boundary layer on the duct endwall was 
artificially thickened to produce a relatively large horseshoe 
vortex. Measurements on four planes normal to the duct axis 
define the flow for comparison with the results of three-
dimensional viscous flow calculation procedures. A sym-
metrical flow field was obtained to reduce the amount of 
measurement and subsequent calculation necessary to 
determine the duct flow. 
A two-dimensional potential-flow analysis shows that at an 
axial location halfway between the source and the leading 
edge of the body, the velocity on all streamlines in the duct is 
equal to the uniform velocity upstream. The static pressure 
was measured on the duct walls around the perimeter of the 
plane at this axial location and found to be uniform except 
near the junction of the body and the duct endwall. In this 
corner region, the horseshoe vortex influenced the flow. 
Variations in endwall static pressure upstream of the 
leading edge of the body are related to details of the horseshoe 
vortex flow. A local minimum in static pressure occurs near 
the saddle point on secondary separation, and a local 
maximum occurs between the saddle points of primary and 
secondary separation near a nodal point of reattachment. 
Secondary flow velocities just downstream of the leading 
edge show the streamwise vorticity associated with the horse-
shoe vortex. The secondary velocities are largest near the 
endwall where the secondary flow is away from the body; at 
the duct midheight, a small secondary flow is observed 
towards the body. The core of the vortex occurs just inside the 
separation line on the endwall. 
Velocity profiles measured on the exit plane show an inner 
boundary layer on the duct endwall. This result is similar to 
results reported in turbine cascades, where a new endwall 
boundary layer starts downstream of flow separation near the 
leading edges of the blades. 
The two-dimensional laminar boundary layer calculation at 
midheight on the body predicts separation downstream of the 
location where static pressure measurements show charac-
teristics of boundary layer separation. The boundary layer 
momentum thickness calculated by the laminar technique at 
the measured separation point was used to start a flat-plate 
turbulent boundary layer calculation. The exit momentum 
thickness calculated in this manner differed from the 
momentum thickness determined from the measured exit 
boundary layer by only 3.5 percent of the measured value. 
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